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Abstract Excess nitrogen (N) in freshwater systems,

estuaries, and coastal areas has well-documented deleterious

effects on ecosystems. Ecological engineering practices

(EEPs) may be effective at decreasing nonpoint source N

leaching to surface and groundwater. However, few studies

have synthesized current knowledge about the functioning

principles, performance, and cost of common EEPs used to

mitigate N pollution at the watershed scale. Our review

describes seven EEPs known to decrease N to help water-

shed managers select the most effective techniques from

among the following approaches: advanced-treatment septic

systems, low-impact development (LID) structures, perme-

able reactive barriers, treatment wetlands, riparian buffers,

artificial lakes and reservoirs, and stream restoration. Our

results show a broad range of N-removal effectiveness but

suggest that all techniques could be optimized for N removal

by promoting and sustaining conditions conducive to bio-

logical transformations (e.g., denitrification). Generally,

N-removal efficiency is particularly affected by hydraulic

residence time, organic carbon availability, and establish-

ment of anaerobic conditions. There remains a critical need

for systematic empirical studies documenting N-removal

efficiency among EEPs and potential environmental and

economic tradeoffs associated with the widespread use of

these techniques. Under current trajectories of N inputs, land

use, and climate change, ecological engineering alone may

be insufficient to manage N in many watersheds, suggesting

that N-pollution source prevention remains a critical need.

Improved understanding of N-removal effectiveness and

modeling efforts will be critical in building decision support

tools to help guide the selection and application of best EEPs

for N management.
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Introduction

Excess nitrogen (N) in freshwater systems, estuaries, and

coastal areas is responsible for water-quality degradation,

eutrophication, and hypoxia in some of the most ecologi-

cally and economically important water bodies in North

America and elsewhere, including the North Sea, Gulf of

Mexico, and Chesapeake Bay (Diaz and Rosenberg 2008;

Martin and others 1999; Rabalais and others 1996, 2001).

Consequently, many studies over the last 40 years have

focused on approaches to mitigate the impact of N from

human activities (e.g., agriculture, urbanization) on water

quality (Carpenter and others 1998; Craig and others 2008;

Dietz 2007; Dosskey 2001; Gold and Sims 2000; Howarth

and others 2000; Kadlec 2009; Robertson and others 2000).

Two complementary approaches have emerged: (1)

N-source control and reduction and (2) interception and

treatment of sources of N.

Source-reduction strategies [approach no. 1 (see above)]

include all practices whose primary objective is to decrease

N inputs into landscapes, including limits on fertilizer or

manure application to lawns and agricultural lands, controls

on atmospheric N deposition from fuel combustion, and

decreasing N wastewater discharge from urban areas.

However, regardless of source control or reduction, a por-

tion of N input will leak from catchments by way of sewage

infrastructure, agricultural ditches, tile drains, runoff from

impervious surfaces (roads, parking lots), and septic sys-

tems. Complementary ecological engineering approaches

are therefore needed to intercept and decrease N leaching to

aquatic environments [approach no. 2 (see above)].

This review addresses ecological engineering practices

(EEPs) aimed at intercepting and decreasing the transfer of

N from upland environments (primarily urban/suburban

development and agricultural areas) to aquatic environ-

ments, including groundwater, surface water, and ulti-

mately coastal waters. In this context, we broadly defined

ecological engineering as the design of ecosystems for the

mutual benefit of humans and nature (Mitsch 1992). Some

common EEPs include advanced-treatment septic systems,

low-impact development (LID) designs, permeable reac-

tive barriers (PRBs), treatment wetlands, riparian buffers

(when actively managed or engineered), artificial lakes and

reservoirs, and stream restoration (Fig. 1). The primary

purpose of these EEPs is not always N mitigation; how-

ever, the design of these systems can often be optimized for

N removal (Collins and others 2010a; Craig and others

2008; Dietz 2007; Dosskey 2001; Gold and Sims 2000;

Kadlec 2009; Robertson and others 2000). We therefore

propose that the potential of these EEPs for N removal

should be taken into account when developing whole

watershed–management strategies.

Over the years, a significant amount of knowledge has

been generated on the design and functioning principles of

some of these EEPs. Although N assimilation by plants and

microorganisms, dissimilatory nitrate reduction to ammo-

nia, and anaerobic ammonia oxidation may contribute to N

retention in some systems (Burgin and Hamilton 2008),

respiratory denitrification, or the microbial transformation of

nitrate nitrogen (NO3
-) to N2 and N2O gases, is considered

to be the most substantial and important N-removal process

in many EEPs (Saunders and Kalff 2001). Several studies

have attempted to synthesize knowledge about processes

regulating the N-removal efficiency of some of these EEPs,

including studies that report N-removal efficiencies for

managed riparian buffers (Mayer and others 2007; Zhang

and others 2010), bioreactors (Schipper and others 2010a),

or LID systems (Collins and others 2010b). Others have

described how ‘‘hot spots’’ and ‘‘hot moments’’ of biogeo-

chemical transformation and/or transport can contribute to

the removal of N or other contaminants in the landscape

(Groffman and others 2009; Vidon and others 2010). Several

studies have also addressed the critical question of EEP

placement in landscapes to optimize N-removal benefits at

the watershed scale (Dosskey and Qiu 2010; Kellogg and

others 2010). However, no studies to date have attempted to

synthesize current knowledge about the functioning princi-

ples, performance, and cost of multiple commonly used

EEPs to help managers develop more efficient N-mitigation

programs at the watershed scale. More importantly, no

studies identify where and when each of these EEPs should

be implemented for maximum environmental benefits. We

believe that this lack of summary information for a range of

EEPs limits the ability of watershed managers to make

informed decisions about the relative cost and N-removal

performance and effectiveness of various approaches based

on local conditions when developing watershed-manage-

ment plans.

In this review, we summarize the current understanding

of the functioning principles, performance, and cost of

implementation available for seven important EEPs with

significant potential to decrease N across terrestrial and/or

aquatic environments. We then discuss how to prioritize

EEP selection and placement in a watershed depending on

the primary N-pollution source. Often, critical knowledge

is missing, especially because it relates to cost of imple-

mentation or N-removal efficiencies among physiographic

regions. When possible, we identified gaps in knowledge.

This review is a first step toward the development of

decision support tools for advanced scenario modeling

incorporating multiple N-management practices at the
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watershed scale. Here we review the following: advanced-

treatment septic systems (approach no. 1), LID structures

(approach no. 2), PRBs (approach no. 3), treatment wet-

lands(approach no. 4), managed riparian buffers (approach

no. 5), artificial lakes and reservoirs (approach no. 6), and

stream restoration (approach no. 7). We organized these

EEPs based on their placement from upland (approaches

no. 1–3), to terrestrial-aquatic transition areas (approaches

no. 4 and 5), to the aquatic environment (approaches no. 6

and 7).

Approach No. 1: Advanced-Treatment Septic Systems

Conventional septic systems using a septic tank/soil

absorption system have been in use for decades to collect

domestic wastewater and release it to the subsurface

environment. These systems generally discharge septic

tank water in the soil below the root zone through a drain

field or lateral drains (Gold and Sims 2000). These systems

are not designed to decrease N loading and are often point

sources of N in the landscape, abating only 10–20 % of N

loads (Keeney 1986; Lamb and others 1990; Siegrist and

Jenssen 1989). Therefore, advanced-treatment septic sys-

tems have been developed to lower N load in wastewater

before release to the environment (Fig. 2). These advanced

systems enhance biological N-removal processes through a

series of steps designed to promote nitrification and deni-

trification (Oakley and others 2010), first through aeration

to support oxidation of ammonium to nitrate, then by

adding labile carbon (C) to decrease nitrate into N gases by

way of denitrification, thereby effectively removing N from

the wastewater (Gold and Sims 2000).

Two subtypes of advanced-treatment septic systems

exist. Recirculating systems recycle wastewater through the

nitrification/denitrification steps using organic matter in the

wastewater as a source of C to fuel denitrification (Oakley

and others 2010). Sequential systems employ nitrification

and denitrification sequentially, and use supplemental C,

such as wood chips, to fuel heterotrophic microbial pro-

cesses (Oakley and others 2010; Schipper and others

2010a). Because advanced septic systems also help achieve

lower biological oxygen demands and lower total sus-

pended solid concentrations, it is possible to disperse the

effluent higher in the soil profile (closer to the root zone)

without increasing the risk of hydraulic failure (i.e., clog-

ging and subsequent surface ponding) and allow for further

N removal as the effluent percolates through the soil profile.

The N-removal effectiveness of advanced septic systems

varies widely depending on the specific design, mainte-

nance, environmental conditions, number of people sup-

ported, and whether the system is used continuously or

seasonally. Oakley and others (2010) summarized data

from three separate field studies (Florida, OR, New Zea-

land) examining the performance of 20 advanced-treatment

septic systems. N-removal efficiencies for recirculating

systems ranged from 40 to 70 % of the N load (organic and

inorganic N combined). Sequential systems using wood

chips exhibited N-removal efficiencies [90 % (Table 1).

In recirculating systems, a part of the effluent does not go

through the denitrification unit. In addition, some free

oxygen from the aerated unit might be transferred to the

anaerobic reactor where denitrification efficiency may be

decreased.

The cost of installing advanced-treatment septic systems

varies as a function of size, soil type, and design but

Fig. 1 Sources and pathways

of N, including urban,

industrialized and agricultural

areas, in a conceptualized

watershed. N may follow

atmospheric, surface, and

subsurface pathways at various

spatial and temporal scales.

EEPs may be applicable to

specific or multiple sources

and some may be used in

combination to address one or

more N pathways. See text for

further explanation
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generally ranges from $15,000 to $30,000, including

design and installation. As a comparison, conventional

gravity system installation costs vary from $13,000 to as

much as $45,000 depending on soil characteristics. Con-

ventional gravity systems also require larger drainfields

than advanced-treatment systems. Advanced-treatment

systems modulate flow to the drainfield with peak flows

stored and released at a consistent rate, thus allowing for

more effective N removal. Conventional systems accom-

modate peak flows in the drainfield, requiring more space

and resulting in inconsistent N removal. Spreadsheet-based

models have been developed to estimate cost based on site

characteristics and design (Water Environment Research

Foundation 2010). After initial installation, regular opera-

tion and maintenance is necessary to continuously achieve

high levels of wastewater treatment and N removal. Costs

of operation and maintenance are influenced by electrical

energy demands of the system. Media filters, which provide

surface area for bacteria to colonize and allow for bio-

chemical and physical treatment processes to occur, add

approximately $100 annually to the cost. Systems with

continuously operating fans that promote aeration during

secondary treatment may add three to four times this cost to

the electric bill for a typical three bedroom home. Most

technologies typically require two maintenance visits per

year ($200–$600/year). Site characteristics (e.g., soils,

slope, available land area) and system requirements (e.g.,

number of people served) vary widely and dictate design,

thus making it impossible in this review to assess the

relative merits of the many advanced-treatment system

configurations. A system that is most effective in terms of

cost and N removal for one site will be different from that

for another site.

Approach No. 2: LID Structures

LID practices encompass approaches to land development

that attempt to mimic natural systems to manage storm-

water primarily in urban or suburban environments (United

States Environmental Protection Agency [USEPA] 2011;

Mitsch 1992). Specific LID techniques include, but are not

limited to, green roofs, bioretention cells, and permeable

pavement systems (Figs. 3, 4, 5). Most LID practices are

generally designed to decrease the volume of stormwater

runoff to drainage systems and streams by way of inter-

ception, evapotranspiration, and infiltration, thus discon-

necting impervious surfaces from the conventional

stormwater network. The primary intent is not to remove N

but to decrease peak flows and overall runoff water vol-

umes to receiving waters to alleviate streambank erosion

and altered hydrologic patterns associated with urban/

suburban land cover (Dietz 2007; Meyer and others 2005;

Thurston and others 2008; Walsh and others 2005). Green

roofs, which consist of a shallow layer of lightweight

media, such as expanded shales and clays that support a

dense cover of drought-resistant, herbaceous vegetation

(Fig. 3), achieve this reduction through the direct

Fig. 2 Advanced-treatment

septic system. (Issue) Advanced

treatment systems are designed

for treating N from residential

wastewater. (Installation) Such

systems incorporate a secondary

treatment step between solids

separation (primary treatment)

and final dispersal of effluent.

Pumps, timers, and floats are

used to control the flow of

wastewater from one

component to the next.

Secondary treatment includes an

aerobic and an anaerobic

denitrification (‘‘denite’’) zone

functioning either in sequential

or in recirculating modes.

(Mitigation) Effluents

containing lower N

concentrations reach

groundwater (GW) and

receiving waters
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interception and evapotranspiration of precipitation (Dietz

2007). Bioretention systems, also referred to as ‘‘rain gar-

dens’’ or ‘‘bioswales,’’ are shallow depressions containing

soil filter media that support drought- and flood-resistant

vegetation and achieve stormwater runoff reductions

through the interception and infiltration of runoff from

impervious surfaces through the media to an underdrain or

underlying soil (Dietz 2007) (Fig. 4). Permeable pavement

systems consist of a variety of paving surfaces containing

void spaces that allow for stormwater infiltration through

aggregate sublayers to an underdrain or underlying soil

(Dietz 2007) (Fig. 5).

Fig. 3 Green roofs. (Issue) N in

the atmosphere falls on bare

roofs and flows untreated to

stormwater systems and/or

receiving water bodies.

(Installation) Green roof system

with short grass vegetation.

(Mitigation) N is intercepted by

green roofs and mostly

undergoes plant uptake. In less

frequent cases (e.g., deeper soil

media, taller vegetation), some

N may be returned to the

atmosphere in gas form if

conditions in the contained soils

are conducive to microbial

denitrification

Fig. 4 Bioretention cells.

(Issue) On impervious surfaces,

N would normally run off

toward sewerage after a rainfall

event. (Installation)

Bioretention system with

optional elevated pipe outlet.

(Mitigation) N may be captured

by bioretention systems and

assimilated by plants and soil

microbes
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Recently, attention has been focused on the potential

pollutant-removal mechanisms in LID structures, including

adsorption, sequestration, or transformation due to chemi-

cal, physical, or biological processes during interception

and infiltration (Dietz 2007). To increase the volume of

influent runoff to be intercepted, rapid drainage is needed.

However, this in turn decreases opportunities for the

development of anaerobic zones conducive to denitrifica-

tion. Aerobic conditions can also support organic matter

mineralization and nitrification and thus generate an

increase in both ammonia and nitrate in runoff (Hsieh and

others 2007).

Consequently, although LID practices can be optimized

to decrease N, such reduction cannot generally be achieved

without increasing the water residence time in LID struc-

tures, thus leading to a wide range of N-removal efficiency

for LID systems. For instance, a recent review of

N-removal performance across LID types (Collins and

others 2010a) found that N removal ranges from 0 to 96 %

(median 83 %) for nitrate and -311 to 91 % (median 7 %)

for total nitrogen (TN) in green roofs in North Carolina,

Sweden, and Japan. In bioretention cells in North Carolina,

Maryland, Australia, and bench-scale systems in laborato-

ries and greenhouses in multiple other locations, nitrate and

TN removal range from -650 to 85 % (median 8 %), and

-312 to 58 % (median 25 %), respectively. Finally, nitrate

removal of -331 to 69 % (median -59 %), and TN

removal ranging from 42 to 91 % (median 50 %), were

observed in permeable pavements in North Carolina,

Connecticut, and France.

Dominant N-removal processes also vary depending on

the LID structure type. In green roofs, plant uptake is the

major N-removal mechanism (Czemiel Berndtsson and

others 2006). Indeed, the thin soils of most green roofs

typically are not designed to provide extended periods of

anaerobic conditions conducive to denitrification. Increas-

ing soil media depth can improve N removal by providing

opportunities for planting taller vegetation, which often

exhibits a larger N-retention capacity than grass or moss

(Czemiel Berndtsson and others 2009). However, taller

vegetation often requires more frequent maintenance to

sustain plant growth, including the use of N-based fertil-

izers (Czemiel Berndtsson and others 2006). In bioreten-

tion cells, vegetated systems typically remove more N than

nonvegetated systems (Lucas and Greenway 2008; Read

and others 2008). However, a recent study by Passeport and

others (2009) did not indicate that vegetation type had a

significant effect on N removal in these systems. Anaerobic

conditions conducive to denitrification can be engineered

into bioretention cells and permeable pavements through

the elevation of outlet pipes in systems with underdrains

(Collins and others 2008; Dietz and Clausen 2006; Kim

and others 2003; Passeport and others 2009), or through the

use of fine-textured media layers (Cho and others 2009;

Hsieh and others 2007; Hunt and others 2006). Shallow

sand layers may also be incorporated to provide additional

Fig. 5 Permeable pavements.

(Issue) On impervious surfaces,

N would normally run off

toward sewerage after a rainfall

event. (Installation) Permeable

pavement overlying a porous

media (e.g., gravel, stone

aggregates) and an underdrain is

shown. The underdrain

intercepts percolating water. In

this diagram, an optional

elevated pipe at the underdrain

outlet is proposed to enhance

the development of decreasing

conditions in the soil media.

(Mitigation) Runoff infiltrates

through the permeable

pavement soil media, and N

concentrations are decreased
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surface area for microbial colonization and N removal

(Collins and others 2010b).

Common key design parameters for green roofs, biore-

tention cells, and permeable pavements for enhancing N

removal therefore include the following: (1) the establish-

ment of low nutrient–demanding vegetation to limit the

need for fertilization, favor plant N uptake, and provide a

continuous supply of organic matter by way of plant

decomposition; (2) designs that increase water residence

time to enhance interactions between N and microbial

populations; and (3) the introduction of design elements

conducive to the development of anaerobic conditions

(e.g., elevated underdrains, fine-textured soil media).

However, tradeoffs must be found to limit export of veg-

etation, which can be a source of N in the effluent, and to

maintain LID systems’ first objective (runoff water volume

reduction) while simultaneously maintaining anaerobic

conditions.

Bioretention cells are relatively easy and inexpensive to

construct and maintain with typical costs running up to

$43/m2 ($4/square foot) in a residential application and

between $108 and $430/m2 ($10 and $40/square foot) in an

institutional application (LID Center 2011a). Costs may

increase where clay soils impede infiltration and where

additional soil media must be purchased and installed to

increase infiltration capacity. Maintenance requirements

include occasional watering and replanting to maintain

vegetation. It also requires the periodic replacement of the

top several centimeters of media to prevent clogging by

fine suspended solids and replenish the soil organic matter

pool. Green roofs and permeable pavement systems are

typically more expensive to construct and maintain costing

approximately $86–$161/m2 ($8–$15/square foot) for all

green roof applications and $22–$108/m2 ($2–$10/square

foot) for permeable pavement systems (LID Center 2011b).

Green roofs require occasional watering and replanting,

whereas permeable pavement systems require periodic

sweeping or vacuuming to remove accumulated solids that

may cause clogging.

Overall, green roofs, bioretention cells, and permeable

pavement systems present similar cost/benefit ratios in

terms of N removal. However, bioretention cells and per-

meable pavement systems engineered to maintain saturated

anaerobic conditions have greater N-removal capacity than

green roof systems. Bioretention and permeable pavement

systems can store more water on a square-meter basis than

green roofs and therefore have the ability to treat larger

runoff volumes than green roofs. However, these systems

are not implemented in the same types of locations in

watersheds and could be used in concert when cost allows.

More research is needed to properly quantify N-removal

performance among LID systems and identify strategies to

modify current LID designs to enhance N removal without

negatively affecting their ability to intercept stormwater

and remove other pollutants of concern, such as phospho-

rus (P) and heavy metals. It is also important to differen-

tiate N plant uptake (temporary removal unless vegetation

is harvested) from N removal by way of denitrification

(permanent removal) in LID systems. This requires moving

beyond N mass balance approaches and conducting direct

measurements of in situ N cycling in these systems (Collins

and others 2010a).

Approach No. 3: PRBs

PRBs are constructed zones of reactive material that extend

below the water table to intercept and treat contaminated

groundwater (Fig. 6). Such barriers have been used to treat

various contaminants, such as chlorinated solvents, chro-

mium, arsenic, and organic and inorganic compounds (He

and others 2008; Ludwig and others 2009; Wilkin and

others 2009). More recently, PRBs have been employed to

remediate N pollution from surface water and shallow

groundwater (Robertson and Cherry 1995; Robertson and

others 2000; Schipper and Vojvodic-Vukovic 1998, 2000,

2001). PRBs for N-removal function by creating a sub-

surface environment favorable to denitrification.

PRBs, also called ‘‘biowalls’’ or ‘‘bioreactors,’’ are typ-

ically installed by digging a trench designed to intercept the

flow of contaminated groundwater and are most effective

when the source of contamination is concentrated in a

plume (Fig. 6). The trench is then filled with organic matter

to serve as a C source for heterotrophic bacteria, such as

sawdust, wood chips, or straw and/or reactive materials,

such as iron or sulfur. Sand may be mixed with the reactive

material to increase permeability. An impermeable wall

may be added to direct the groundwater flow toward the

reactive parts of the barrier. The PRB wall is usually then

covered with soil. Numerous subtypes of PRBs exist that

vary by C source, installation, and incorporation into the

substrate (Schipper and others 2010a). ‘‘Denitrification

walls’’ are installed vertically into the subsurface perpen-

dicular to groundwater flow. ‘‘Denitrification beds’’ are

containers (usually 1–2 m deep in varied lengths and

widths) filled with organic matter that receive discharge

from wastewater or agricultural drainage, whereas ‘‘deni-

trification layers’’ are horizontal layers of organic material

incorporated into unlined or unconsolidated subsurface

sediments. This latter approach may involve deep-soil

mixing with augers or other processes that create vertical

treatment zones to treat deeper plumes. PRBs work best for

treating nitrate in shallow (4–5 m deep) concentrated zones

where contaminated groundwater moves in plumes in a

focused direction that allows the targeted placement of the

wall, bed, or layer of organic matter.
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To be effective, PRBs must be positioned in a manner

where subsurface flow intersects with the reactive portion

of the wall. To optimize contact with subsurface flow,

Schipper and others (2010a) recommended the installation

of PRBs no deeper than 4–5 m in permeable media that

allows for adequate flow rates. The presence of a confining

layer below this media also encourages contact between

PRB material and groundwater flow paths. Although

guidelines for denitrifying PRBs have not yet been stan-

dardized, designs should address basic hydrology, size, and

flow rates of the contaminated plume, N concentrations,

and seasonal flow variability (Schipper and others 2010a).

For example, the seasonality of groundwater conditions

should be taken into account so that the depth of the barrier

is suitable for high and low water table conditions. Simi-

larly, soil permeability must be taken into account.

Although high-permeability PRBs may decrease contact

time between N-laden groundwater and the substrate, PRBs

with high permeability may also serve to create flow con-

vergence and upwelling in the direction of the wall, thereby

increasing contact with the wall substrate (Robertson and

others 2005).

N-removal processes in PRBs may include immobili-

zation, dissimilatory nitrate reduction to ammonium

(DNRA), and/or anaerobic ammonium oxidation (anam-

mox); however, heterotrophic denitrification is believed to

be the dominant N-removal mechanism in these systems

(Schipper and others 2010a). Therefore, N removal in

PRBs depends on the conditions that foster denitrification

including anoxic subsurface conditions, availability of C,

nitrate concentration, temperature, and groundwater flow

paths and flow rates. Sources of C in PRBs designed for N

removal usually are inexpensive and widely available (e.g.,

wood chips, sawdust, etc.), may remain effective for years,

and require minimal maintenance or replacement (Rob-

ertson 2010; Robertson and others 2000, 2008, 2009;

Schipper and Vojvodic-Vukovic 2001; Schipper and others

2005). Vegetable oil, cotton seed burrs, and molasses have

been used to create denitrifying barriers, but these mate-

rials are more expensive than wood chips or sawdust and

require more frequent substrate replacement or replenish-

ment (Hunter 2001; Su and Puls 2007; Schipper and others

2010a). Although there have been no documented cases of

PRB failures due to C limitation, should failure occur,

replacement of the PRB would likely involve either exca-

vation of the existing barrier and fill replacement or the

installation of a new barrier. Because nitrate acts as an

electron acceptor during the heterotrophic denitrification

process, the efficiency of PRBs may be limited by low rates

of nitrification. Conversely, denitrification beds may be

overwhelmed if nitrate concentrations are extremely high,

although removal rates may still be significant (Schipper

and others 2010b).

With respect to efficiency, N removal from groundwater

using PRBs is generally high and often exceeds 90 %

(Robertson and Cherry 1995; Robertson and others 2000;

Schipper and Vojvodic-Vukovic 1998, 2000, 2001). In

some cases, PRBs have shown complete N removal from

Fig. 6 PRB depicted as a

management approach for

concentrated N in groundwater

(GW). (Issue) N from a known

source such as an animal

feeding operation may

accumulate in groundwater.

(Installation) The PRB is

constructed to intercept

subsurface flow. (Mitigation) N

in the groundwater contacts

organic substrates in the barrier

where denitrification by

microbes may remove N
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wastewater effluents containing B250 g NO3
--N m-3

(Schipper and others 2010a). However, high variability of

N mass removed is observed among studies with removal

ranging from 0.62 to 12.7 g NO3
--N m-3 day-1 (median

removal rate 2.5 g NO3
--N m-3 day-1) (Schipper and

others 2010a). Several long-term studies have observed

efficient functioning of PRBs for B15 years (Moorman and

others 2010; Robertson and Cherry 1995; Robertson and

others 2008). For instance, in a PRB in Ontario, Canada,

Robertson and others (2008) observed N-removal rates of

4.6 ± 0.7 g NO3
--N m-3 day-1 after 15 years. These

rates were approximately 50 % of the initial N-removal

rates (10.2 ± 2.7 g NO3
--N m-3 day-1). Granger and

others (2007) used results from laboratory experiments

measuring N removal using woodchips, combined with

stoichiometric assumptions for C:N consumption, to pre-

dict the life expectancy of woodchip PRBs, which ranged

from 30 to[100 years depending on nitrate concentrations.

In a separate study, Moorman and others (2010) found the

half-life of organic matter substrates to vary within a bar-

rier from 4 to [36 years depending on C consumption,

with portions of the barrier remaining saturated most of the

time, but estimated to last much longer due to decreased

decomposition of the C-fill material under anaerobic con-

ditions (Moorman and others 2010).

Principal costs associated with PRBs are for excavation

and for organic material to fill the wall or bed. Construction

costs vary depending on the size, design, and C source.

Half-life of the substrate will determine longevity and

subsequently the long-term cost. Cost estimates per unit

mass of N removed range from approximately $2 to $15

(USD)/kg N over the lifetime of the barrier. Cost is com-

parable with other N-management systems, such as con-

structed wetlands (Schipper and others 2010a) (Table 1).

Approach No. 4: Treatment Wetlands

Both natural (Fisher and Acreman 2004; Jordan and others

2011; Lowrance and others 1995) and constructed (Her-

nandez and Mitsch 2007; Kadlec 2009; Mitsch and others

2005; Vymazal and others 2006) wetlands have been

widely studied for their ability to remove N from agricul-

tural (Braskerud 2002; Tanner and others 2005), municipal,

and industrial wastewaters (Hammer 1989; Vymazal 2005,

2009) (Fig. 7). Constructed wetlands have often been

classified according to water flow regime: free water sur-

face (FWS), horizontal subsurface flow (HSSF) or vertical

subsurface flow (VSSF) wetlands (Kadlec and Wallace

2008) (Fig. 8). Contrary to HSSF and VSSF wetlands,

where the water level is maintained below the soil surface,

FWS wetlands present open water areas and are often

classified based on vegetation type (i.e., floating, sub-

merged, and emergent). In HSSF wetlands, water flows

horizontally from a point inlet structure to an outlet one. In

VSSF wetlands, the inlet structure is designed to distribute

Fig. 7 Treatment wetlands.

(Issue) In agricultural areas,

fertilizer application results in

high N concentrations in surface

runoff and subsurface tile drain

flows connected to receiving

rivers. (Installation) Placement

of treatment wetland in

contaminated flows for N

interception. (Mitigation)

Aquatic vegetation and algae

may assimilate N, and microbes

in the wetland sediments may

remove N through

denitrification
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the water evenly over the entire wetland surface. Water

then percolates through the soil media and is collected in a

subsurface underdrain. Both HSSF and VSSF wetlands soil

media generally consists of coarse material (e.g., gravel),

which provides physical support for plants, surface area for

chemical reactions, and microbial population development

(Hammer 1992; Albuquerque and others 2009). The range

of designs reflects the multiple hydrological functions of

these systems and their associated effects on N cycling.

Heterotrophic denitrification is often the dominant

N-removal process in treatment wetlands, although plant

uptake combined with vegetation harvesting to perma-

nently remove N from the system can significantly con-

tribute to N removal (Vymazal and others 2006).

Published denitrification rates in treatment wetlands

vary over seven orders of magnitude (0.003–149 g NO3
--

N m-2 year-1) (e.g., Hernandez and Mitsch 2007; Mitsch

and others 2005; Teiter and Mander 2005). Nitrate con-

centration reductions are also extremely variable, with

some treatment wetlands leading to increases in nitrate

concentrations and others removing close to 100 % of

nitrate entering the wetland (Fisher and Acreman 2004;

Kadlec 1994; Nahlik and Mitsch 2006). Generally, treat-

ment wetlands with low or negative nitrate-removal rates

are well-aerated (nonsaturated) wetlands where organic C

mineralization and nitrification can lead to increases in

nitrate concentration at the outlet. Wetlands with organic

rich, permanently saturated soils generally demonstrate

high nitrate removal rates (Mitsch and Gosselink 2000). In

a review of regional and global effects of wetlands, Ve-

rhoeven and others (2006) estimated that significant

improvement of water quality by removing N could be

obtained if at least 2–7 % of the catchment area consisted

of wetlands.

Compared with natural wetlands, constructed wetlands

generally have lower N-removal efficiencies. For instance,

Hammer and Knight (1994) reported N-removal reductions

averaging 44 % in 17 constructed wetlands compared with

77 % in 26 natural wetlands. Forty percent N reduction was

reported in a series of stormwater wetlands in North Car-

olina (USA) (North Carolina Department of Environment

and Natural Resources 2005), whereas the Best Manage-

ment Practice (BMP) database reports a 62 % decrease for

constructed stormwater wetland basins (BMP database

2010) (Table 1). Generally, the greater efficiency of natural

wetlands is associated with the denser vegetation often

observed in these systems compared with treatment wet-

lands (Bastviken and others 2009; Kadlec 2005; Tanner

and others 2005). Vegetation in natural wetlands is also

often more mature, and organic C concentration is usually

greater than in constructed treatment wetlands (Appelboom

and Fouss 2006; Craft 1997). Over time, C availability in

constructed treatment wetlands will increase owing to

vegetation decay and will help support soil denitrification

(Reddy and Patrick 1984). Planting mixed vegetation in

constructed wetlands may also help increase N removal by

way of denitrification because mixed vegetation tends to

promote greater denitrification rates compared with single-

species stands (Bachand and Horne 2000). Wetland soil

composition and structure also influence treatment effec-

tiveness. For instance, a wetland substrate with a C:N ratio

C5:1 will prevent C limitation in most cases (Baker 1998).

In addition, soil particle size will impact water residence

time, the development of anoxic conditions, and the flow of

water, which in turn will affect N removal.

When the primary goal of installing treatment wetlands

is N removal, preference should be given to HSSF wetland

types over VSSF and FSW wetland types because HSSF

wetland systems are generally permanently saturated,

Fig. 8 Main types of artificial treatment wetlands based on hydraulic

functioning class; (i) FWS wetlands have open water areas with

floating, submerged or emergent vegetation; (ii) HSSF wetlands:

water flows horizontally in the subsurface from inlet to outlet

structures passing through a media made of soil and gravel; optional

upturned outlet pipe can help the development of anaerobic condi-

tions favorable to denitrification; (iii) VSSF wetlands also include a

soil/gravel media through which water flows as subsurface flow.

Contrary to HSSF wetlands, the water inlet structure is designed to

distribute influent over the entire wetland surface
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which promotes the development of decreasing conditions

favorable to N removal by way of heterotrophic denitrifi-

cation (Kadlec and Wallace 2008). However, high con-

centrations of suspended solids in the influent can limit

flow in the subsurface and ultimately decrease N removal

(Hammer 1992). Regardless of type, treatment wetlands

are generally most efficient when located at the outlet of

small drainage basins where N concentrations are less

diluted than in larger watersheds (Mitsch 1992).

The capital cost for installing a treatment wetland is

highly dependent on the size of the wetland (or series of

wetlands), configuration (horizontal subsurface flow wet-

land, FWS wetland), and regional market costs (Kadlec and

Wallace 2008). In the US, capital costs range from $0.001

to $0.1/m2 ($10–$1,000/ha) for FWS wetlands and from

$0.03 to $1/m2 ($300–$10,000/ha) for HSSF or VSSF

wetlands. The latter are generally more expensive per unit

area due to the cost of gravel. However, HSSF wetlands are

typically much smaller than FWS wetlands. After initial

installation, constructed wetlands generally require few

operational costs other than the occasional removal of

sediments. However, management of vegetation (e.g., plant

harvesting), mosquitoes (e.g., insecticide spraying), and

animals (e.g., repairing damage caused by muskrats, geese,

etc.) may generate additional costs. Overall, treatment

wetlands are among the most cost-effective systems for

treating large volumes of N-contaminated waters. Prefer-

ence should be given to HSSF wetlands for N removal in

urban or industrial areas (because of greater N-removal

efficiencies), whereas FWS wetlands should be the

preferred option in agricultural areas where large sediment

loads could quickly decrease N-removal efficiency in the

more engineered HSSF and VSSF wetland types.

Approach No. 5: Managed Riparian Buffers

Riparian zones (i.e., vegetation adjacent to water bodies)

often naturally occur in the landscape. Due to their

potential nutrient removal benefits and other ecosystem

services (Palone and Todd 1997; Dosskey 2001; Hill 1996;

Puckett 2004), many are intensively managed and/or

engineered (e.g., as part of large stream-restoration pro-

jects) and are widely recommended as best-management

practices by federal and local agencies around the world

(Lowrance and others 1997; Naiman and others 2005;

Welsch 1991) (Fig. 9). Recommendations for effectively

managing nitrogen in riparian buffers often rely on a three-

tiered approach for optimal nutrient and sediment buffering

capacity (Schultz and others 1995). First, a region of

undisturbed forest near the stream should be maintained to

ensure stream bank stability and limit erosion. Moving

further away from the stream, an area of managed forest

can be established to improve uptake of N transported in

deeper groundwater flow paths (Schulz and others 1995;

Lowrance and others 1997). Adjacent to the upland, a

grassy area should be maintained to promote infiltration

and trap any contaminants present in overland flow.

Because nitrate assimilation and uptake by vegetation

are only temporary storage mechanisms, heterotrophic

Fig. 9 Riparian buffer. (Issue)

Agricultural N derived from

fertilizer applications flows

toward receiving rivers.

(Installation) Three tier riparian

buffer zone: grassed area or

runoff control zone (i), managed

forest (ii), and undisturbed

forest (iii) (after Lowrance and

others 1997). Nonpoint source

N is intercepted by the buffer

before it reaches a stream or

receiving water body. The three

tiers are intended to be effective

at intercepting various surface

and shallow to deep subsurface

flow paths. (Mitigation) N may

be assimilated by vegetation or

consumed by heterotrophic

denitrifying bacteria in the soil
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denitrification is generally considered the most important

N-removal process in riparian zones (Vidon and others

2010). However, fast-growing trees (e.g., willows, poplars,

etc.), when harvested on a regular basis, can provide timber

and significantly contribute to N removal from the sub-

surface, especially during the growing season (Newbold

and others 2010). Tree harvesting has the potential to

negatively affect the other ecosystem services provided by

riparian zones, such as habitat for wildlife, recreation, or

bank stabilization. Therefore, multiple benefits must be

weighed before harvesting is considered as an N-manage-

ment approach.

A 90 % decrease in nitrate concentration in subsurface

flow in the riparian zone is generally achieved B20 m from

the field edge unless riparian sediments are coarse sand

and/or gravel, in which case a 50-m width is generally

required (Hill 1996; Gold and others 2001; Burt and others

2002; Vidon and Hill 2006; Zhang and others 2010). A

recent study in Alberta, Canada, suggested that width be

calculated based on surficial geology (20 m in glacial till

landscapes, 50 m in alluvial and outwash landscapes) with

modifiers based on slope (Alberta Environment 2012).

Specifically, this study recommended that the managed

riparian zone be widened by 1.5 m for every 1 % slope

[5 % (Alberta Environment 2012). A recent review of the

literature also showed that statistically, N removal in

riparian zones tends to increase with riparian width. Mayer

and others (2007) indicate that N-removal efficiency of

riparian zone width categories 0–25, 26–50, and [50 m

were approximately 58, 71, and 85 %, respectively. Buffers

composed of trees also tend to have greater N-removal

efficiencies than buffers composed of grasses or mixtures

of grasses and trees (Zhang and others 2010). Regardless of

vegetation, subsurface hydrology (saturated vs. unsaturated

soil conditions) and redox condition appear to be signifi-

cant determinants of N-removal efficiency (Mayer and

others 2007, 2010). Despite high N removal observed in

most managed riparian zones, several studies have docu-

mented potential or actual nitrate leaching in aerobic soils

in urban riparian buffers located next to incised streams or

in landscapes with regional lowering of groundwater tables

due to decreased infiltration caused by impervious cover

(Groffman and others 2002; Stander and Ehrenfeld 2009).

Thus, hydrologic connectivity between the managed

riparian buffer and the stream is a critical factor to ensuring

efficient N removal in buffer zones.

Costs of using riparian zones to decrease N delivery to

streams depend on the situation and are often not easily

available. If the riparian zone is vegetated and hydrologi-

cally connected between the upland and stream, there may

be no cost at all, other than the cost and effort of negoti-

ating an easement with the landowner to ensure continued

integrity of the buffer. For instance, in Pennsylvania,

securing easements to preserving farmlands from devel-

opment and urbanization and, consequently, to preserve

their associated riparian areas, has an estimated one-time

cost of $7,400/ha on average, to which approximately

$10,000/project are needed for transactional work (e.g.,

survey, recording fees, staff time) (Jeffery E. Swinehart,

personal communication). However, where riparian buffers

do not exist and/or must be revegetated or rebuilt (e.g., by

way of stream bank reengineering), costs can increase

quickly. For instance, Roberts and others (2009) estimated

the annual costs of establishing and maintaining a 45.7-m

(150-foot) riparian buffer adjacent to agricultural land

within the Harpeth River watershed in Tennessee (USA) to

be approximately $0.0262/m2 [$262/ha ($0.0024/square

foot)] of riparian buffer/year. Expenses may involve veg-

etation management (tree harvesting, removal of invasive

species) or cost associated with taking agricultural land out

of production. Often, it is difficult to determine with pre-

cision the actual cost of riparian zone installation from

published data because riparian zone-restoration generally

occurs within the framework of larger stream-restoration

projects where riparian zone costs are included in the cost

of the entire stream-restoration project.

Ultimately, managed riparian buffers have the potential

to significantly decrease N non–point source pollution

provided the following conditions are met: (1) riparian

zone placement should allow for efficient runoff intercep-

tion and significant interactions between N-laden subsur-

face flow and organic rich surficial riparian soils (Dosskey

and Qiu 2010); (2) vegetation cover should be adequate

and species composition diverse enough, including trees, to

decrease erosion and help maintain the soil organic C

content during long periods of time (e.g., decades) (Doss-

key and others 2010); and (3) riparian zones should be

wide enough to remove most N in the subsurface. Wider

buffers are generally more effective at attenuating nitrogen,

but width should be adjusted to local conditions (soil tex-

ture, slope) (Alberta Environment 2012).

Approach No. 6: Artificial Lakes and Reservoirs

Although many states and municipalities have recently

removed small dams and/or reservoirs (e.g., old mill dams)

for various social, economic, and ecological reasons

(Doyle and others 2008; Orr and others 2004), artificial

lakes and reservoirs remain ubiquitous structures in the

landscapes (Graf 1999) (Fig. 10). The [84,000 dams

across the United States and their associated artificial lakes

and reservoirs are primarily designed for water storage,

flood control, hydropower, and recreation (United States

Army Corps of Engineers 2011), but many can serve as

significant N sinks (David and others 2006; Harrison and
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others 2009; Seitzinger and others 2006). The efficiency

and potential of these artificial lakes and reservoirs to

attenuate N varies widely depending on key controls,

including concentration and timing of the total N load

entering the reservoir (Gruca-Rokosz and others 2009;

Wall and others 2005), physical placement within the

watershed (Kellogg and others 2010), and hydraulic resi-

dence time (Seitzinger and others 2006).

Mechanisms responsible for N removal in reservoirs

include denitrification, sedimentation that can lead to burial

of N-containing particles, and biological uptake by plants

and microbes. The temporal regime of N delivery to a

reservoir is also critical to the efficiency of N retention,

particularly during cold periods that limit microbial deni-

trification (Braskerud 2002; Wall and others 2005). Larger

reservoirs with greater residence times may be less sensi-

tive to seasonal temperature and hydrologic flushing effects

compared with other habitats, such as wetlands (Jansson

and others 1994). When large plant or algal communities

are present, biological uptake can dominate retentive pro-

cesses, especially during high growth periods (e.g., sum-

mer). Although biological uptake only temporarily

removes N, biomass (plants and algae) may be harvested to

permanently remove N (Carpenter and Adams 1977; Hill

1979). Burial in a reservoir is likely to be slow and

dependent on deposition and ammonium mineralization

rates because inorganic N rapidly cycles through several

chemical forms that are highly mobile. Denitrification

generally occurs in anoxic interstices of benthic and littoral

sediments (Christensen and Sorensen 1986; Seitzinger

1988; Saunders and Kalff 2001) and, to a lesser degree, in

the anoxic hypolimnia of reservoirs (Seitzinger 1988).

Most studies that measure N-removal efficiency in

artificial lakes and reservoirs indicate that these systems are

generally significant N sinks but that specific N-removal

efficiencies vary widely. In a review of N-removal data in

reservoirs, Kellogg and others (2010) found that N loss was

positively related to hydraulic residence time, with overall

N removal varying between 10 and 100 % (Table 1). Other

studies report N-removal efficiencies varying from 3 to

20 % depending on the location (Braskerud 2002; Deemer

and others 2011). In an urban pond, Rosenzweig and others

(2011) reported that N removal varied from -10 % (N

production) to 68 %, with season and temperature acting as

primary controls. Artificial lakes and reservoirs, especially

large systems associated with long residence times, there-

fore generally act as N sinks. However, seasonal

N-removal dependence may be observed in small reser-

voirs where denitrification and plant uptake can signifi-

cantly increase during warmer months.

Although existing artificial lakes and reservoirs gener-

ally act as N sinks and could therefore be seen as com-

ponents of any N-management plan when already present

in a watershed, the construction of new reservoirs or arti-

ficial lakes is not recommended for N management. Indeed,

the negative impact of reservoirs on river hydrology and

ecosystems often outweigh water-quality benefits with

respect to N. For instance, reservoir construction may

cause significant losses of N-removal hot spots in flood-

plains (Forshay and Stanley 2005), streams (Forshay and

Fig. 10 Artificial lakes and

reservoirs. (Issue and
Installation) Artificial lakes and

reservoirs are constructed for

various purposes, such as flood

control, hydroelectric power

generation, or water storage.

(Mitigation) N may be

assimilated by algae and

vegetation growing in lakes

and reservoirs, buried in deep

sediments, or removed by

microbial activity in the

sediments
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Dodson 2011), and managed riparian buffers (Mayer and

others 2007) because of associated habitat loss and changes

to the hydrology that governs N removal in these habitats.

Furthermore, environmental factors, such as the obstruction

of fish migration routes (Opperman and others 2009) and

long-term maintenance and dredging costs (Doyle and

others 2008), are critical considerations in deciding to build

new artificial lakes and reservoirs for N management.

Consequently, the addition of new large artificial lakes and

reservoirs may only be recommended for N management in

cases where water storage, flood control, hydropower, and

recreation are the primary needs and where N removal is an

added benefit. In the rare cases where the construction of

new artificial lakes and reservoirs should be recommended,

construction costs vary from several thousand dollars for a

small farm pond to tens of millions of dollars for hydro-

power systems. In these cases, a network of small, shallow

artificial lakes and reservoirs to maximize surface water

area, wet littoral zones, water residence time, and organic

C loading will generally yield greater N removal than a

single large reservoir.

Approach No. 7: Stream Restoration

Stream restoration runs a gamut of techniques and objec-

tives, and rates of N removal are variable based on hydraulic

residence times and position along stream networks (Kau-

shal and others 2008a; Sivirichi and others 2011). Craig and

others (2008) categorized stream-restoration techniques into

five broad overlapping categories: (1) organic matter addi-

tions (e.g., artificial debris dams, woody debris); (2) channel

reconstruction (channel widening, weirs, and cross vanes);

(3) floodplain reconnection (wetland benches, bank grading,

and reshaping); (4) artificial geomorphic features (oxbows,

side channels, ponds); and (5) bank stabilization (rip-rap,

erosion cloth, root wads) (Fig. 11). Often, urban stream-

restoration projects target buried streams (sensu Elmore and

Kaushal 2008), in which channels are encased in concrete or

pipes (Duerksen and Snyder 2005), and stream reaches

affected by sanitary sewer leaks (Sivirichi and others 2011),

where restoration is intended to address numerous envi-

ronmental impacts. In a national survey, general water-

quality improvement was the most frequently stated resto-

ration goal (approximately 30 % of the time), but only

recently has N removal been a primary goal for stream

restoration (Bernhardt and others 2005). Often, restoration is

guided by natural channel design (NCD), a suite of tech-

niques based on a stream classification system and fluvial

geomorphologic principles (Rosgen 1994, 1996). The NCD

approach has been controversial for its rigidity and alleged

lack of supporting evidence for its effectiveness (Bernhardt

and Palmer 2011; Lave 2009). Thus, there remains no

comprehensive, universally accepted reference to follow for

restoring streams (Federal Interagency Stream Restoration

Working Group 1998), and much effort is currently being

devoted to identify information gaps (Wenger and others

2009) and establish criteria for stream-restoration effec-

tiveness (Bernhardt and Palmer 2007; Palmer and Filoso

2009).

Fig. 11 Stream restoration.

(Issue) Concrete straight

channel may rapidly convey N

to rivers. (Installation)

Illustration of various stream-

restoration techniques, such as

reshaped banks, cross vanes,

artificial meander, and rip-rap,

implemented in a

conceptualized urban

watershed. Most techniques are

designed to stabilize stream

banks and decrease erosion.

These same techniques may also

increase groundwater residence

time, reconnect floodplains to

stream channels, and enhance

plant growth. (Mitigation) N

uptake by algae and plants may

be enhanced, and denitrification

may increase in response to

changes in hydrology and

availability of organic C
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Recent studies of restored stream performance on N

reduction quantified the capacity of natural or constructed

features to enhance N uptake, including implanted logs,

riffle and step structures that increase hyporheic exchange

(Bukaveckas 2007; Kasahara and Hill 2006a, b), debris

dams that retain C used by denitrifiers (Groffman and others

2005), and streams where C supplies are increased by plants

(Gift and others 2010). Other studies have investigated

designs that could create hot spots or ‘‘hot moments’’ of N

removal by hydrologically reconnecting the channel to the

floodplain (Fink and Mitsch 2007; Harrison and others

2011; Kaushal and others 2008b; Opperman and others

2009). These include designs that allow hyporheic

exchange and overbank flow during significant precipitation

events (Kaushal and others 2008b), pond-and-oxbow fea-

tures that divert water from the main channel into highly

biologically active wetlands (Fink and Mitsch 2007; Har-

rison and others 2011), and large-scale hydrologic recon-

nection to river floodplains (Opperman and others 2009).

Stream restoration can improve N processing, particularly

in urban streams, if the restoration approach incorporates

mechanisms that slow down stream flow, increase hydraulic

residence time, increase availability of dissolved organic C,

and/or hydrologically reconnect the stream channel to

floodplain wetlands and riparian zones (Bukaveckas 2007;

Filoso and Palmer 2011; Gift and others 2010; Groffman and

others 2005; Harrison and others 2011; Kaushal and others

2008b; Klocker and others 2009; Roberts and others 2007;

Sivirichi and others 2011). Other design considerations

include adapting stream-restoration strategies to land use and

the timing and intensity of N export (Filoso and Palmer 2011;

Shields and others 2008). For instance, low-density suburban

catchments export total N and nitrate loads mostly at rela-

tively low flows, whereas more urbanized sites export total N

and nitrate at higher and less frequent flows (Shields and

others 2008). In urban catchments, N retention may be lim-

ited during high flows (Kaushal and others 2011). Therefore,

stream restoration will be most effective at managing N if

approaches include methods to decrease stream flashiness

and increase groundwater residence time (Craig and others

2008; Kaushal and others 2008a; Mayer and others 2010)

and/or if stream restoration is used in conjunction with other

EEPs that improve stream bank stability and increase water

retention during storms (Selvakumar and others 2010).

Stream restoration may be most effectively employed in

areas of low-density development served by septic systems

where N loads are consistent and systems less flashy (Shields

and others 2008).

Some studies have suggested that there may be little or

no effect of stream restoration on N-uptake rates and that

stream restoration contributes to tree removal in riparian

zones during the construction phase (Sudduth and others

2011). It is often difficult to compare N removal between

stream-restoration projects because metrics for N-removal

rates are inconsistent and differ across varying spatial and

temporal scales of monitoring. Nevertheless, N-removal

data recently available from studies in the Maryland coastal

plain (USA) show that restoration efforts that created

stream–wetland complexes decreased N during storm flow

and that overall N removal was approximately 5 % of

inputs (Filoso and Palmer 2011). Other work in the

Maryland Piedmont region has shown that stream–wetland

complexes can remove approximately 10–40 % of N

depending on hydraulic residence time (Harrison and oth-

ers 2011; Kaushal and others 2008a; Klocker and others

2009; Sivirichi and others 2011). Further studies are nec-

essary to characterize stream-restoration effectiveness at

the larger stream network scale (Sivirichi and others 2011),

and adequately assess the importance of groundwater and

surface water interactions (Mayer and others 2010).

Alternative approaches to NCD designed specifically to

reconnect groundwater to surface water (Parola and Hansen

2011) are being employed to restore streams impacted by

legacy sediments deposited during mill pond construction

and colonial era agricultural erosion (Walter and Merritts

2008). The efficacy of such approaches for decreasing N is

currently under study (Hartranft and others 2011).

Costs associated with stream-restoration vary widely,

with median costs ranging from $15,000 to $812,000/pro-

ject and a median cost of $19,000 for projects specifically

targeted toward water-quality management (Bernhardt and

others 2005). Three stream-reach scale projects in Balti-

more County, MD, USA, that incorporated extensive

stream channel restructuring and installation of hard engi-

neered structures, such as cross vanes, rock weirs, and

oxbow ponds (Harrison and others 2011), ranged in cost

from $520 to $1526/m, including the costs of new bridges

and road infrastructure (USEPA 2006). The objectives of

these projects were not limited to nutrient control but also

included erosion control, protection of sewer infrastructure,

and fish passage. Collectively 26 stream-restoration pro-

jects in Baltimore County, MD covering approximately

16,090 m of streams cost $12.4 million, an average of

$770/m (Duerksen and Snyder 2005). Restoration of Big

Spring Run, a stream near Lancaster, PA, USA, involving

removal of legacy sediments and the construction of a

multichannel, stream-wetland complex within a 4.35 km2

watershed cost $600,000 and resulted in the restoration of

915 m of stream, an average of $655/m (J. Hartranft, per-

sonal communication, June 13, 2012).

Recommendations and Future Research Needs

Selection of the appropriate EEPs for N management

depends on N source, hydrology, land use, availability of
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land for EEP implementation, available budget, and

ancillary management objectives. Figure 12 summarizes

the pros and cons of the seven EEPs discussed in this

review. This figure is intended to help landscape managers

make more informed decisions about when and where to

implement one or a combination of EEPs based on the N

source, the existence of artificial lakes and reservoirs, and

overall management goals. The identification and charac-

terization of N loads and of the hydrology of the contrib-

uting area (continuous N pollution vs. flashy N load events)

is necessary to chose among techniques. Indeed, many

EEPs with high N-removal efficiencies may be over-

whelmed during high-flow periods (e.g., managed riparian

zones, PRBs), or are known to function better at low flow

than during flashy storm events (e.g., stream restoration). In

addition, land-use characterization tools must be used to

locate potential natural N sinks (e.g., vegetated riparian

areas, wetlands, lakes) and ensure that watershed man-

agement plans will not disconnect natural hydrology from

N flows. For example, in agricultural settings with both

non-point sources of N (e.g., fertilizer application on crops)

and point sources of N (e.g., grain silos, confined animal

feeding operations), employing managed riparian buffers

throughout the watershed, along with the targeted use of

PRBs for N removal at select locations of point source N,

may be an efficient way of combining EEPs. In either

urban or agricultural landscapes, the use of treatment

wetlands at select locations receiving large amounts of

N-rich runoff might provide both peak flow mitigation and

high N removal and could be used upstream of stream-

restoration projects. Similarly, advanced septic systems for

houses located along sensitive areas (e.g., estuary, lakes)

might provide added benefits if used in concert with

effective protection measures for streams in the watershed

(e.g., managed riparian zones, stream restoration) and with

LID structures in urbanized areas of the watershed. Ulti-

mately, a combination of EEPs working together to

decrease peak flow, intercept point sources of N before

they reach a stream, protect streams from direct N con-

tamination, and/or enhance nutrient processing in streams

will likely be more efficient at removing N than any of the

EEPs presented here used alone.

Recent developments in geospatial techniques (geo-

graphic information systems, LiDAR, digital elevation

models), and broadly available digital databases containing

elevation data (National Elevation Data set, United States

Geological Survey [USGS] 2006), vegetation and land

cover (National Landcover Data set USGS 2011a), soil and

Fig. 12 Decision-making template for EEP implementation and selection for N-pollution mitigation in actively managed watersheds
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geomorphology data (Natural Resources Conservation

Service 2011), and/or hydrological data (National

Hydrography Data set, USGS 2011b), offer improved

opportunities for landscape managers and scientists to

engage in scenario modeling (e.g., Kellogg and others

2010) and better define how EEPs can be used in the

landscape to optimize N removal while minimizing costs.

For instance, recent studies have engaged in scenario-

modeling to optimize EEP placement in landscapes for

maximizing N-removal benefits at the watershed scale

(Dosskey and Qiu 2010; Kellogg and others 2010). How-

ever, scenario-modeling efforts are currently hindered by a

lack of summary information on the suitability of various

EEPs to mitigate N pollution in a variety of settings.

Overall, our analysis identified four major areas where

more knowledge or more integration is critically needed to

better predict N-removal potential of one or several EEPs.

First, much more interaction between engineers working on

‘‘hard-engineering structures’’ (e.g., LID bioretention cells)

and scientists/managers using ‘‘soft-engineering approa-

ches’’ (e.g., managed riparian zones, stream restoration) is

needed to fully assess how to best use various approaches

in concert, at the watershed scale, to achieve water-quality

goals. For instance, it is likely that the development of LID

structures at headwater locations could lead to decreased

peak flow during storms. Decreased peak flow could help

optimize stream-restoration efficiency of N removal

because stream-restoration structures are generally more

efficient at removing N during relatively low-flow com-

pared with high-flow conditions.

Second, there is a need to develop a set of homogenous

metrics across disciplines to assess cost and N-removal

efficiencies. Often, mass removal is more important than

the percent removal itself in identifying effective EEPs.

Currently, some studies report N mass removal in mass

removed per volume of soil, per square meter, or per meter

of stream length. Converting these units into a single set of

unit of N mass removed would require making many

assumptions about EEP size, contributing area, residence

time, soil porosity, etc. Such information should be pro-

vided in future studies. In addition, we recommend that

further studies report total inorganic nitrogen because

nitrate and ammonium are often the primary forms of N

associated with negative ecosystem impacts, such as

eutrophication. When possible, influent and effluent N

masses and water volumes should be provided for a given

EEP. Cost data are also reported in a variety of units,

including cost per impervious acre treated, per acre of

drainage area, per square foot of the practice, or per cubic

foot of runoff treated (Cappiella and Hirschman 2012).

Some studies also report full life-cycle costs (e.g., design,

construction, maintenance), whereas others only report

construction costs. The lack of homogenous metrics for

cost and N-removal efficiency makes it difficult to compare

EEPs. Useful metrics would include cost per unit of N

removed or influent N load.

Third, there is a need for more research on the long-term

efficiency and key processes regulating the functioning of

EEPs in a variety of climatic and physiographic regions so

that variability in N-removal rates can be better evaluated.

For instance, many studies have reported how climatic and

landscape geomorphic characteristics impact N removal in

riparian zones (Gold and others 2001; Sabater and others

2003; Vidon and Hill 2006), but few have reported how

these important variables impact N removal in LID sys-

tems, PRBs, or streams. Furthermore, many studies

reporting N-removal efficiencies rely on only a few data

points, which hinders our ability to fully assess the sig-

nificance of reported N-removal rates.

Finally, as efforts are made to better understand where

and when to place EEPs in watersheds to optimize N

removal, there is also a critical need to better quantify and

value, both economically and in terms of ecosystem ser-

vices, the environmental tradeoffs associated with each of

the practices discussed here. For instance, artificial lakes

and reservoirs often contribute to the disconnection of the

river to its floodplain, block fish migration routes, and alter

natural flow regimes important for some biota (Forshay and

Dodson 2011; Forshay and Stanley 2005; Opperman and

others 2009). Some managed riparian zones can be sig-

nificant sources of P to streams, and some wetlands can

contribute to the release of methylmercury in the envi-

ronment (Carlyle and Hill 2001; Mitchell and others 2006,

2008). Nevertheless, EEPs are a cost-effective approach to

managing excess N in human-influenced landscapes,

especially where N-source control is not possible. Some

EEPs may have additional value, such as providing green

space or wildlife habitat, and therefore the costs of

implementing EEPs can be spread among multiple, stacked

benefits.
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